Background/Aims: Dilated intercellular space (DIS) contributes to the pathophysiology of gastroesophageal reflux disease (GERD). Melatonin protects the esophageal mucosa; however, the mechanisms underlying that protection remain unclear. Methods: Transmission electron microscopy (TEM) was used to evaluate the intercellular spaces in the esophageal epithelium of GERD patients. The Het-1A monolayer barrier function was investigated by measuring transepithelial resistance (TER) and FITC-dextran paracellular permeation. The activity of MLCK was represented by MLC phosphorylation. The expression and phosphorylation of MLCK, MLC and ERK were examined by western blot analysis. Results: The expression and activity of MLCK and ERK phosphorylation were increased in the esophageal epithelium. The increased expression and activity of MLCK was correlated with dilated intercellular spaces. Upon acid treatment, the Het-1A monolayer permeability was increased. When the Het-1A monolayer was pretreated with melatonin and PD98059 before the acid incubation, the permeability and the expression and phosphorylation of MLCK and ERK decreased. Conclusion: Melatonin protects the esophageal epithelial barrier by suppressing the transcription, translation and activity of MLCK through ERK1/2 signal transduction. These findings provide a better understanding of the potential clinical application of melatonin in GERD treatment.
Melatonin Protects the Esophageal

Introduction
Gastroesophageal reflux disease (GERD) is one of the most common digestive diseases and can be classified into two different types: reflux esophagitis (RE) and non-erosive reflux disease (NERD). An imbalance between defensive and offensive factors might play an important role in the pathogenesis of GERD [1] . Research studies on epithelial defense have attracted increasing amounts of attention. Dilated intercellular space (DIS) is a feature of the damaged esophageal epithelium and represents increased paracellular permeability [2] . DIS might be an important factor that induces the typical symptoms of GERD by allowing the refluxed nociceptive elements to access the submucosal sensory nerve endings.
Myosin light chain kinase (MLCK) is a Ca
2+
-calmodulin-dependent serine/threonine kinase that dynamically regulates cellular morphology and contraction [3] . Non-muscle MLCK (nmMLCK), an important member of the MLCK family, is predominantly expressed in endothelial and epithelial cells [4] . According to previous studies, ERK phosphorylation contributes to barrier dysfunction of the vascular endothelium or intestinal epithelium by activating the MLCK signaling pathway [5, 6] . The role of MLCK in the esophageal epithelial barrier dysfunction has not been elucidated.
Melatonin (MLT), a derivative of tryptophan, has a wide range of biological functions, including immunity enhancement, antioxidation and mucosal protection induced by increased mucosal blood flow [7] . Currently, melatonin has been reported to protect the epithelial and endothelial barrier function through the improvement of paracellular sealing [8, 9] . Exogenous melatonin has a protective effect on the esophageal mucosa in animal RE models [10, 11] . Clinical trials have shown that melatonin significantly improves the symptoms of heartburn and abdominal pain in GERD patients [12, 13] , which suggests that melatonin might have a positive effect on the esophageal epithelial barrier by preventing nociceptive elements from accessing sensory nerve endings. It has been reported that melatonin improves endothelial barrier function by reducing the expression and inhibiting the ERK-mediated kinase activity of MLCK [14] . A similar conclusion was drawn in a study of epithelial MDCK (Madin-Darby canine kidney) cells [15] . The mechanisms underlying melatonin protection of the esophageal epithelium have yet to be elucidated.
This study was designed to investigate the effects of melatonin on the esophageal epithelial barrier and the mechanisms involved in the actions of melatonin.
Materials and Methods
Participant selection and study design
A total of 82 subjects were selected for this study, including 59 GERD patients (27 NERD and 32 RE) and 23 controls. The patients who had completed a questionnaire survey and undergone upper gastrointestinal endoscopy were enrolled between February 2014 and May 2014. The specific inclusion criteria and exclusion criteria are shown in Table 1 , and a detailed flow chart of patient inclusion is shown in Figure 1A . Subjects with a GERD questionnaire (GerdQ) score ≥8 were considered to have GERD. These patients were further divided into two groups based on their endoscopy results. Patients with mucosal injury and lacking endoscopic or histological evidence of Barrett's esophagus were regarded as having RE and were classified according to the Los Angeles classification. Participants who had a GerdQ score ≥8 and no endoscopic finding were classified as having NERD. The participants without clinical or endoscopic evidence of gastroesophageal reflux served as the control group. Squamous mucosa without erosion was biopsied at 5 cm above the gastro-esophageal junction for the transmission electron microscopic (TEM), western blot (WB) and real-time quantitative polymerase chain reaction (real-time PCR) analyses. The demographic data and clinical characteristics of the participants are provided in Table 2 . The study was approved by the ethics committee of the First Affiliated Hospital of Nanjing Medical University and was performed in accordance with the ethical guidelines of the Declaration of Helsinki.
Transmission electron microscopy (TEM) examination
The esophageal mucosal biopsies were fixed in a glutaraldehyde solution at 4°C and clarified, dehydrated, embedded and sectioned into ultra-thin slices. Ten slices prepared from different sites of the identical biopsy specimen were selected and observed under TEM (2600 J EME2000X, Hitachi, Tokyo, Japan). The Leica image analyzing system (Q550IW, Leica, Wetzlar, Germany) was used to evaluate the intercellular spaces of the esophageal epithelium. Ten images were obtained from each slice. For each image, an intact cell was selected, and the intercellular space was evaluated by determining the vertical distance between the selected cell and its adjacent cells in 10 randomly selected directions. In total, 100 intercellular spaces in 10 images were selected, and the average width of the intercellular space was calculated.
Cell viability
Confluent Het-1A monolayers were incubated with acidified medium (BEBM, pH 2.0-7.0) for 5, 15, 30 or 60 min. Then, the Het-1A cells were mildly trypsinized and suspended in non-acidic medium; 20 µL of the cell suspension was diluted at 1:10 with Trypan blue (2.22 g/L in PBS). The viable cells were counted using a Countess Counter (Invitrogen, Carlsbad, CA, USA). BEBM (pH 4.0) was found to be the optimal acidified medium and was used in the subsequent experiments (Fig. 3A) .
Measurement of transepithelial resistance (TER)
TER was measured to assess the barrier function of the confluent Het-1A cell monolayer cultured on Transwell inserts (pore size, 0.4 µm; PET track-etched membrane, Corning-Costar, Cambridge, UK). The confluent monolayer was incubated in acidified BEBM for 5, 15, 30 or 60 min. After incubation, TER was Figure 3B shows that TER is deceased to the minimum level after 30 min incubation. So we considered 30 min as the optimal incubation duration in acidified BEBM (pH 4.0). To investigate the effects of melatonin on the esophageal epithelial barrier functions and to explore the potential underlying mechanisms, the Het-1A monolayer was exposed to various concentrations of melatonin (0.1, 1, 10 or 20 µM; St. Louis, MO, USA) and PD98059, an ERK inhibitor, (10, 20 or 30 µM; St. Louis, MO, USA) for different durations before acid exposure. TER is increased to the maximum level after pre-incubating Het-1A monolayer with melatonin (10μM) for 6 h, or PD98059 (20µM) for 2 h before acid exposure. So we considered those were the optimal concentrations and exposure durations of melatonin and PD98059 ( Fig. 3C and D) .
Measurement of the epithelial paracellular permeability
The Het-1A monolayers were incubated with acidified BEBM for 30 min, or with melatonin for 6 h or PD98059 for 2 h (according to previous results), followed by incubation with acidified BEBM for 30 min. After the incubations, the media were refreshed, and 1 mg/mL FITC-dextran (10 kDa, Sigma, St. Louis, Mo., USA) was added to the upper chamber. After 2 h of incubation at 37°C, we collected the medium in the lower chamber and measured the fluorescence using a fluorometer (Perkin Elmer Luminescence Counter, MA, USA). The data were calculated as the concentration of FITC-dextran in the lower chamber.
Isolation of the total RNA and quantitative RT-PCR
Real-time PCR was used to measure the MLCK mRNA expression levels in the esophageal mucosal biopsy tissues and Het-1A monolayer. The biopsy tissues were stored in RNAlater (Ambion, Austin, Texas, USA) at −20°C. Total RNA was extracted using TRIzol (Invitrogen, CA, USA) according to the manufacturer's instructions. Then, 2 μg of total RNA was reverse transcribed and subjected to realtime PCR using acDNA synthesis kit (New England Biolabs, MA, USA) and a SYBR Green real time PCR Kit (TaKaRa, Dalian, China), respectively. The following MLCK PCR primers were used: forward (5' to 3'), GCATCAAGTACATGCGGCAG; reverse (5' to 3'), GGATGTAGCAGATGACCCCG. β-actin served as an internal control. The amplification cycle was as follows: denaturation at 95°C for 30 sec, annealing at 95 C for 5 sec and extension at 60°C for 30 sec, repeated 40 times.
Western blot analysis
The MLCK activity was represented by the MLC phosphorylation level. The expression and phosphorylation of MLCK, MLC and ERK were examined by western blot analysis. Lysis buffer (Beyotime, Shanghai, China) at a concentration of 10 mL/g was added to the esophageal mucosal biopsy tissue. The Het-1A monolayer was incubated with lysis buffer after removing the culture medium. Protease inhibitor (1 µL/ mL; Keygen, Nanjing, China) and phosphatase inhibitor (5 µL/mL; Keygen, Nanjing, China) were added to the buffer to prevent protein degradation. The proteins were quantified using the bicinchoninic acid (BCA) method. The extracted protein (30 μg) was separated by electrophoresis on 10% sodium dodecyl sulfatepolyacrylamide gels (100 V for 1.5 h) and then blotted onto polyvinylidene fluoride (PVDF) membranes, which were then blocked in 5.0% milk TBST (5 g of milk powder dissolved in 100 mL of Tris-buffered saline and Tween 20) at room temperature for 1 h. The blots were then incubated with anti-ERK (1:500, Cell Signaling, Boston, MA, USA), phosphorylated ERK (p-ERK) (1:500, Cell Signaling), MLCK (1:5000, Abcam, London, UK), MLC (1:1000, Sigma, St. Louis, Mo., USA) and phosphorylated MLC (p-MLC, 1:1000, Cell Signaling) antibodies overnight at 4°C. The blots were washed three times with TBST and incubated with horseradish peroxidase-labeled secondary antibodies (1:2000, Bioworld, Beijing, China) at 37°C for 2 h. The blots were then stained with Super ECL Plus Detection Reagent (Thermo, PA, USA). The blots were quantified by densitometry using the electrophoresis gel imaging system (Bio-Rad, Hercules, CA, USA). The phosphorylation level of ERK and MLC were calculated as the ratio of the phosphoproteins relative to the total proteins (the absorbance of the phosphoproteins/the absorbance of the total proteins).
Results
Demographic data and clinical characters
In this study, 32 RE patients (median age: 49 years, female: 51.0%), 27 NERD patients (median age: 48 years, female: 57.2%) and 23 non-GERD volunteers (median age: 38 years, female: 43.6%) were enrolled according to the screening process (Fig. 1A) . The demographic data and clinical characteristics of the selected individuals are shown in Table 2 .
The intercellular spaces were dilated in the esophageal epithelium of GERD patients
The intercellular spaces in the esophageal mucosal biopsy tissues were observed using TEM. The ultrastructure of the esophageal epithelial cells was generally intact in all of the subjects. No measurable changes in the intercellular spaces were detected in the epithelium of the control group. The intercellular spaces were dilated dramatically in the RE and NERD groups, but there was no difference between the two groups (Fig. 1B) .
The transcription, expression and activity of MLCK as well as the phosphorylation of ERK were upregulated in the esophageal epithelium of GERD patients
The transcription, expression and activity of MLCK (p-/t-MLC) as well as the phosphorylation of ERK (p-/t-ERK) were upregulated in the esophageal mucosal biopsy tissues ( Fig. 2A and B) . A correlation analysis was conducted to further investigate whether MLCK participates in the modulation of intercellular spaces. The expression and activity of MLCK (p-/t-MLC) was positively correlated with the intercellular spaces in the NERD and RE groups (Fig. 2C) . 
Melatonin improved the barrier function of the Het-1A monolayer against acid
We sought to explore the effects of melatonin on the esophageal epithelial barrier function in vitro. Het-1A monolayer was incubated in acidified medium to simulate GERD. The barrier function of the Het-1A monolayer was noticeably decreased after incubation with BEBM (pH 4.0) for 30 min (Fig. 3A and B) . To further verify the effect of melatonin on the barrier function of the acid-treated Het-1A monolayer, the monolayer was pretreated with melatonin prior to acid exposure. The protective effect of melatonin on the esophageal epithelial barrier was detected by examining the cell's morphology by TER as well as by measuring the FITC-dextran paracellular flux of the Het-1A monolayer. Significant effects of melatonin (10 µM) on the barrier functions were observed after a 6-h incubation, whereas shorter incubation times (lower incubation concentration) failed to significantly Fig. 2 . The transcription, expression and activity of MLCK were up-regulated as well as the phosphorylation of ERK in the esophageal epithelium of GERD patients. A. MLCK mRNA expression in the NERD (n=27) and RE (n=32) patients compared with the control group (n=23) relative to β-actin was detected by using qRT-PCR (P<0.05). B. The phosphorylation levels of ERK (p-/t-ERK) in the NERD and RE patients compared with the control group were analyzed by using western-blotting. β-actin was used as a control. The expression and activity of MLCK in the NERD and RE patients compared with the control group were analyzed by using western-blotting. The activity of MLCK was represented by the phosphorylation of MLC (p-/t-MLC). All experiments were performed in triplicate and the band intensity values were analyzed by using Image J. C. A positive correlation was found between the expression of MLCK and the intercellular spaces in NERD (R 2 = 0.5427; p < 0.0001) and RE (R 2 = 0.5558; p < 0.0001). A positive correlation was found between the activity of MLCK and the intercellular spaces in NERD (R2 = 0.5253; p < 0.0001) and RE (R 2 = 0.5579; p < 0.0001). * indicates p<0.05.
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Melatonin protected the Het-1A monolayer barrier by downregulating the transcription, expression and activity of MLCK through ERK signal transduction
The phosphorylation of ERK was upregulated in the esophageal epithelium of GERD patients, and the intercellular space was positively correlated with the expression and activity of MLCK. We hypothesized that ERK and MLCK might participate in the protective effect of melatonin on the esophageal epithelial barrier. To test this hypothesis, we investigated the expression and activity of MLCK (as determined by MLC phosphorylation) in response to melatonin and/or PD98059 in acid-treated Het-1A monolayers.
First, the Het-1A monolayer was pretreated with PD98059 prior to acid exposure. The protective effect of PD98059 on the esophageal epithelial barrier was detected by examining the cell's morphology using TER and measuring the FITC-dextran paracellular flux of the Het-1A monolayer. Significant effects of PD98059 (20 µM) on the barrier functions were 
observed after a 2-h incubation, whereas shorter incubation times (lower incubation concentration) failed to significantly downregulate the barrier functions. So we used 20 µM of PD98059 with a 2-h incubation time in all of the subsequent experiments ( Fig. 3D and E) . The transcription, expression and activity of MLCK in the Het-1A monolayer were upregulated after incubation in acid. Melatonin reversed the acid-induced increases in MLCK expression and activity ( Fig. 4A and B) . Additionally, the increase in ERK phosphorylation in the acid-treated Het-1A monolayer was reversed by pretreatment with melatonin (Fig.  4B) . To explore whether acid-induced ERK activation is upstream of MLCK expression and activation, the Het-1A monolayer was pretreated with PD98059, an ERK inhibitor, and challenged with melatonin, before the acid incubation. The expression and activity of MLCK were reversed by pretreatment with PD98059 in the acid-treated Het-1A monolayer (Fig. 4A  and B) . These results indicated that ERK activation is an upstream event of MLCK expression and activation. In addition, the MLCK expression and activity did not change significantly in the acid-PD98059-melatonin-treated Het-1A monolayer compared with the acid-PD98059-treated and acid-melatonin-treated Het-1A monolayer. These findings suggest that melatonin has a protective effect on the Het-1A monolayer barrier by downregulating the transcription, expression and activity of MLCK through ERK signal transduction. 
Discussion
GERD is a widespread disorder caused by the reflux of acid and other gastric contents from the stomach into the esophagus [16] . The major symptoms of GERD are acid reflux and heartburn. One-third of GERD patients with endoscopic evidence of esophageal mucosal damage exhibit reflux esophagitis (RE), whereas the patients that only exhibit GERD symptoms are defined as having non-erosive reflux disease (NERD).
Multiple mechanisms lead to GERD, including a mechanically defective lower esophageal sphincter, increased sensitivity of the esophageal mucosa to noxious reflux, and an imbalance between the defensive and offensive factors in the esophageal epithelium. The defensive barriers of the esophageal epithelium include pre-epithelial, epithelial and post-epithelial defenses. The integrity of the esophageal epithelial defense is based on the epithelial cells and paracellular sealing. The esophageal epithelial cells serve as the cellular barrier, whereas the intercellular spaces account for the paracellular sealing. Esophageal epithelial barrier function could be represented by paracellular sealing. In 1996, Tobey et al. first reported that the intercellular spaces were dilated in esophageal mucosa biopsy specimens from GERD patients [2] . A widely accepted view is that dilated intercellular spaces (DIS) allow nociceptive elements in the esophageal contents to access the sensory nerve endings in the esophageal mucosa, which might be an important factor in inducing the heartburn symptoms of GERD.
MLCK is a family of soluble protein kinases encoded by the mylk1-3 genes [17] . There are several MLCK isoforms, including cardiac MLCK (cMLCK), skeletal MLCK (skMLCK), smooth muscle MLCK (smMLCK) and non-muscle MLCK (nmMLCK). NmMLCK, previously known as endothelial MLCK (eMLCK), is predominantly distributed in endothelial and epithelial tissues, including the gut epithelium [18, 19] .
Emerging studies suggested that the activation of MLCK mediates endothelial and epithelial barrier dysfunction [20, 21] , and MLCK catalyzes MLC phosphorylation and triggers the contraction of the actin cytoskeleton. The intercellular junction proteins anchored to the actin cytoskeleton are subsequently redistributed, leading to DIS and endothelial/epithelial barrier dysfunction [22, 23] . This mechanism is considered to be the major mechanism of DIS formation in response to factors that induce endothelial and epithelial hyperpermeability. Additionally, MLCK activation causes barrier dysfunction through the phosphorylation and downregulation of the intercellular junction proteins [24] ; however, the mechanisms are poorly understood. Prior studies have demonstrated that ERK phosphorylation contributes to the activation of the MLCK signaling pathway, which leads to barrier dysfunction in the vascular endothelium or intestinal epithelium [6] . Although MLCK is implicated in endothelial and epithelial barrier dysfunction [25, 26] , its specific role in the impairment of the esophageal epithelial barrier has not been reported. Our study provides direct evidence that ERK-mediated activation of MLCK plays a critical role in esophageal epithelial barrier dysfunction.
Melatonin (MLT), originally discovered in the pineal gland, is expressed in all segments of the gastrointestinal tract (GIT), including the esophagus [27] . It is a versatile and ubiquitous hormonal molecule with multiple biological functions, including regulation of the circadian cycles [28] and reproductive rhythms [29] as well as anti-oxidative [30] and antiinflammatory functions [31] . Melatonin has been shown to protect the barrier function in some types of endothelial and epithelial cells [8, 9] . Animal and clinical studies have shown that melatonin protects the esophageal epithelium of RE/GERD without any side effect [10] [11] [12] [13] . The underlying molecular mechanisms remain unclear and should be elucidated. In this study, we investigated the protective effect of melatonin on the esophageal epithelial barrier and the underlying mechanisms by which melatonin protects the esophageal epithelial barrier.
The Het-1A monolayer barrier function was improved by melatonin based on the permeability assay results in this study. Some previous studies have shown that melatonin improves the epithelial or endothelial barrier function by inhibiting ERK activation. A
range of studies has demonstrated that MLC phosphorylation, which is mediated by the upregulation of MLCK expression and activity, is required for epithelial barrier disruption [32] . Additionally, we confirmed that acid injures the barrier function of the Het-1A monolayer via the activation of the ERK/MLCK pathway. These findings prompted us to consider that melatonin might protect the esophageal epithelial barrier through the ERK/ MLCK pathway, and our results confirmed this hypothesis. Melatonin downregulated the phosphorylation of ERK and protected the Het-1A monolayer barrier by suppressing the transcription, expression and activation of MLCK. Thus, melatonin protects the esophageal epithelial barrier by downregulating ERK/MLCK signal transduction. Some hyperpermeability-associated factors, such as phosphorylation or decreased expression of cell junction proteins or cytoskeletal adapter proteins, should be further investigated to determine whether these events are physiologically important for esophageal epithelial barrier dysfunction. Additionally, based on this study, it is difficult to determine the specific mechanisms by which melatonin downregulates the ERK/MLCK signaling pathway. Because the contents of the stomach reflux contain acid and bile acid, further research is required to determine the effects of bile acid on the esophageal epithelial barrier function.
In our study, we demonstrated that melatonin exerts beneficial effects on the esophageal epithelial barrier by downregulating the ERK/MLCK pathway. Because the side effects of melatonin are remarkably limited, more elaborate studies are necessary to investigate melatonin as a treatment for esophageal barrier dysfunction in GERD. Tan 
